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Abstract. Desmin, the muscle specific intermediate fil- 
ament (IF) protein encoded by a single gene, is ex- 
pressed in all muscle tissues. In mature striated muscle, 
desmin IFs surround the Z-discs, interlink them to- 
gether and integrate the contractile apparatus with the 
sarcolemma and the nucleus. To investigate the func- 
tion of desmin in all three muscle types in vivo, we gen- 
erated desmin null mice through homologous recombi- 
nation. Surprisingly, desmin null mice are viable and 
fertile. However, these mice demonstrated a multisys- 
tern disorder involving cardiac, skeletal, and smooth 
muscle. Histological and electron microscopic analysis 
in both heart and skeletal muscle tissues revealed se- 
vere disruption of muscle architecture and degenera- 
tion. Structural abnormalities included loss of lateral 
alignment of myofibrils and abnormal mitochondrial 
organization. The consequences of these abnormalities 
were most severe in the heart, which exhibited progres- 
sive degeneration and necrosis of the myocardium ac- 
companied by extensive calcification. Abnormalities of 
smooth muscle included hypoplasia and degeneration. 
The present data demonstrate the essential role of 
desmin in the maintenance of myofibril, myofiber, and 
whole muscle tissue structural and functional integrity, 
and show that the absence of desmin leads to muscle 
degeneration. 
T 
HE  intermediate filaments (IFs) 1 form one of the 
three cytoskeletal networks found in higher eukary- 
otes.  Unlike  microtubules  and  microfilaments, 
which are  built  from subunits that  are  ubiquitously ex- 
pressed, the proteins which form IFs display a very tissue 
specific and developmentally regulated pattern of expres- 
sion (for review see Lazarides, 1980; Steinert and Roop, 
1988; Fuchs and Weber, 1994). Numerous plausible func- 
tions for IFs have been proposed over the years, including 
functioning as strength supporters and mechanical integra- 
tors of intracellular space, influencing of cell shape, pro- 
viding of a mechanical scaffold for biochemical reactions, 
involvement  in  intracellular  transport,  in  regulation  of 
gene expression, and in signal transduction (for review see 
Fuchs,  1994; Traub  and  Shoeman,  1994; Evans,  1994; 
Klymkowsky, 1995). However, a well-defined function for 
some IFs, including desmin, the muscle specific IF protein 
(Lazarides and Hubbard, 1976), remains elusive. 
Desmin is encoded by a single gene (Capetanaki et al., 
1984) and is expressed in all muscle tissue (for review see 
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Lazarides, 1980; Lazarides and Capetanaki, 1986). It is one 
of the earliest known myogenic markers to be expressed in 
both  cardiac  and  skeletal  muscle  (Holtzer  et  al.,  1982; 
Kaufmann  and  Foster,  1988; Herrmann  et  al.,  1989; 
Schaart et al.,  1989; Choi et al.,  1990; Mayo et al.,  1992). 
Desmin first appears at day 8.25 post coitum (pc) in the 
neuroectoderm, where it is transiently expressed together 
with vimentin, nestin, and keratin. At day 8.5 pc the pro- 
tein can be detected in the heart rudiment, and at day 9 pc, 
in the somites where it is coexpressed with vimentin and 
nestin (Herrmann et al., 1989; Schaart et al., 1989; Choi et 
al., 1990; Mayo et al., 1992; Sejernsen and Lendahl, 1993; 
Kachinsky et al., 1994, 1995). During skeletal muscle dif- 
ferentiation desmin expression precedes not only that of 
all muscle specific structural proteins examined (Lin et al., 
1994), but also all of the members of the myoD family with 
the exception of myf5 (Arnold and Braun, 1993; Sassoon, 
1993;  Lyons and  Buckingham,  1992, 1993; Smith et  al., 
1994), which is most possibly responsible for the initial ac- 
tivation  of the  desmin  gene  (Li  and  Capetanaki,  1993, 
1994; Kuisk et al., 1996). In contrast to most muscle spe- 
cific genes, desmin is also expressed at low levels in satel- 
lite cells and replicating myoblasts together with vimentin 
(Allen et al., 1991; Kaufmann and Foster, 1988). Terminal 
differentiation of skeletal muscle is accompanied by down- 
regulation of vimentin and accumulation of desmin (Ben- 
nett et al.,  1979; Gard and Lazarides, 1980; Capetanaki et 
al., 1984a,b; Olson and Capetanaki, 1989). During the late 
stages of this process IFs gradually rearrange and assem- 
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Gard and Lazarides,  1980; Tokuyasu et al., 1984). In all 
mature striated muscle, desmin IFs seem to link individual 
myofibrils laterally to each other at their Z-disks and to 
other  intracellular  structures,  including  the  costameres 
and intercalated discs of the  sarcolemma, mitochondria, 
T-tubules, and the nucleus (Granger and Lazarides, 1978, 
1979; Bennett et al.,  1979; Richardson et al., 1981; Toku- 
yasu et al.,  1983a, b;  Nelson  and  Lazarides,  1984;  Danto 
and Fischman, 1984; Thornell et al.,  1985; Lockhardt and 
Bloom, 1993;  for review see  Lazarides and  Capetanaki, 
1986; Small et al.,  1992; Price, 1992; Georgatos and Mai- 
son, 1996). 
The fact that desmin is expressed very early in muscle 
development,  preceding  all  but  one  of  the  myogenic 
bHLH factors and all muscle structural proteins examined 
to date, suggests that it may play some sort of modulating 
role during myogenic commitment and differentiation. In- 
deed, studies done in vitro have provided some support to 
this hypothesis. Microinjection of antibodies specific to ki- 
nase A sites of desmin not only block the phosphorylation 
of desmin at these sites, but also block the ability of micro- 
injected  cells  to  fuse  and  form myotubes  (Tao  and  Ip, 
1991).  Inhibition of desmin expression in C2C12 myoblasts 
using antisense RNA technology blocked myotube forma- 
tion and perturbed the expression of myoD and myogenin 
in these cells (Li et al., 1994).  Additionally, recent studies 
with the in vitro differentiation of mouse embryonic stem 
(ES) cells in which one or both copies of the desmin gene 
were  rendered  inactive  by  homologous  recombination 
gave further support to this possibility. While wild-type ES 
cells could form all three types of muscle cells during dif- 
ferentiation  in  vitro,  ES  cells  with  both  copies  of  the 
desmin gene inactivated could not form smooth or skeletal 
muscle  when  allowed  to  differentiate  (Weitzer  et  al., 
1995). These experiments suggest the possibility that dur- 
ing  early  embryonic development  desmin  might  play  a 
critical role either in muscle differentiation and morpho- 
genesis, potentially by supporting signal transduciton,  as 
has been previously proposed (Wang et al.,  1993; Ingber, 
1993; Li et al., 1994; Weitzer et al.,  1995; Forgacs, 1995), 
or/and in muscle maintenance. They further predict that 
the absence of desmin during embryonic development in 
vivo might result in defects in muscle formation and/or in- 
tegrity and maintenance, depending on the ability of the 
other IF proteins expressed in early development, includ- 
ing at least vimentin and nestin (Sejernsen and Lendahl, 
1993;  Kachinsky  et  al.,  1994,  1995),  to  compensate  for 
desmin's absence. 
Regardless of the many potential functions IFs may ful- 
fill, it is becoming increasingly clear that they are crucial 
for providing and maintaining strength and mechanical in- 
tegrity for the cell (Bonifas et al.,  1991; Coulombe et al., 
1991a,b; Cheng et al., 1992; Chipev et al., 1992; Lane et al., 
1992; Rothnagel et al., 1992; Cote et al., 1993; Xu et al., 1993; 
Lee and Cleveland, 1994; Collard et al.,  1995; for review, 
see Fuchs,  1994;  Lee and  Cleveland,  1994;  McLean and 
Lane, 1995).  The normal development and proper func- 
tioning  of  a  multicellular  organism  depends  upon  the 
maintenance of structural and functional integrity. Disrup- 
tion of this integrity will  lead to tissue degeneration, the 
hallmark of several human diseases including several mus- 
cular and neuronal disorders. Specifically, several epider- 
mal and neuronal disorders have been linked to aberrant 
organization of the intermediate filament (IF) cytoskele- 
ton (for review see Fuchs, 1994; Lee and Cleveland, 1994; 
McLean and Lane, 1995).  Similarly, overexpression of vi- 
mentin or desmin in the lens has been shown to lead to 
cataract formation and lens cell death (Capetanaki et al., 
1989; Dunia et al., 1990). There are now several reports of 
cardiomyopathies and skeletal myopathies that are associ- 
ated with abnormal accumulation or organization of desmin 
(Thornell et al.,  1980,  1983; Vajsar et al.,  1993; Horowitz 
and Schmalbruch, 1994; Ariza et al.,  1995; for review see 
Goebel and Bornemann, t993). Thus, in mature muscle, 
desmin might be crucial for maintaining the mechanical in- 
tegrity and strength of myofibers. 
To further define the  function  of desmin  in  vivo, we 
used homologous recombination to generate mice lacking 
desmin. Surprisingly, desmin null mice are viable and de- 
velop  functioning  cardiac,  skeletal  and  smooth  muscle, 
demonstrating that desmin is not necessary for muscle for- 
mation in vivo. However, they show defects in all three 
types of muscle tissue.  Common features in  all types of 
muscle include overt cell and tissue damage with signs of 
instability and disintegration, although only a fraction of mus- 
cle fibers in any tissue show defects. Histological and elec- 
tron microscopic analysis of striated muscle tissue reveals 
that a  fraction of myofibers display severe disruption of 
muscle architecture and signs of degeneration. The conse- 
quences  of these  abnormalities  are  most  severe  in  the 
heart, which exhibits progressive degeneration and necro- 
sis of the myocardium accompanied by extensive calcifica- 
tion and fibrosis. The data presented here demonstrate the 
importance  of desmin  in  the  maintenance  of myofibril, 
myofiber, and  whole  muscle  tissue  structural  and  func- 
tional integrity, and show that the absence of desmin leads 
to muscle degeneration. 
Materials and Methods 
Construction of Targeting Vectors and Disruption of 
the Desmin Gene by Homologous Recombination 
Details of the construction of the desmin targeting vector (see Fig. 1) and 
production of targeted  ES  cell  lines  for microinjection have been  de- 
scribed previously (Weitzer et al., 1995). A fragment of DNA containing 
exons 1 to 6 of the desmin gene was ligated  to a thymidine kinase (tk) ex- 
pression cassette at its 5' end and cloned into pBluescriptKS- (Stratagene, 
La Jolla,  CA). The neo cassette from pMCIneopA (Thomas and Capcc- 
chi, 1987) was excised  with XhoI and SalI and inserted between two XhoI 
sites located 107 and 142 bp downstream from the start codon in exon 1 
(Li et al., 1994). Both marker cassettes were oriented in the opposite di- 
rection of the desmin sense strand. The 3' part of exon 1 (basepairs 142 to 
607 [SalI site]),  downstream of the inserted neo cassette was removed to 
delete an internal start codon. Microinjections and other basic techniques 
were carried out essentially  as described previously (Robertson, 1987). 
Southern, Northern, and Western Blot Analysis 
All  blotting experiments were carried out essentially  as described previ- 
ously (Maniatis et al., 1982). Genomic DNA for genotyping was isolated 
from tail tips of 3-4-wk-old mice and digested with EcoRI. For identifica- 
tion  of wild-type  and  targeted  desmin alleles,  a  fragment  from the  5' 
flanking region of the desmin allele ("probe A," see Fig. 1 A) was isolated 
and used to generate "~2p-labeled probes by random priming. For Northern 
analysis,  total RNA was isolated from skeletal muscle using guanidinium 
thiocyanate and phenol/chloroform, and blots were probed with 32p-labeled 
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Western blotting, IF preparations were made from 200  mg of skeletal 
muscle by grinding fresh tissue under liquid nitrogen followed by extrac- 
tion with PBS containing 0.6 M KCI, 1% Triton X-100, 1 mM PMSF and 1 
mg/ml N~-p-tosyl-arginine  methyl ester (TAME) on ice. The resulting IF 
containing pellets were  suspended  in  SDS-PAGE  loading  buffer  and 
boiled. Proteins transferred to nitrocellulose  were probed for desmin using 
monoclonal antibody D3 or rabbit polyclonal  anti-desmin (Sigma Chem. 
Co., St. Louis, MO), and probed for vimentin using a goat polyclonal anti- 
vimentin (ICN Biomedicals, Costa Mesa, CA). Immunodetection was per- 
formed with the ECL system (Amersham Corp., Arlington Heights, IL). 
Immunofluorescence 
Sections of tissue were dissected from mice, rinsed in IX PBS, immersed 
in OCT compound (Miles Inc., Elkhart, IN), and snap frozen in a dry ice/ 
ethanol bath or liquid nitrogen. Tissue sections were cut at a thickness of 
~5 I~m and either used immediately for immunostaining or stored for a 
maximum of one week before use.  For immunostaining, tissue sections 
were first rinsed briefly in 1  × PBS and fixed in 100% ethanol for 10 rain at 
-20°C. After three 5-min washes in 1  × PBS, tissue sections were blocked 
by incubation in  Blotto  (ix  PBS  containing 5%  powdered  milk  and 
0.02%  sodium azide) for at least 1 h at room temperature. The sections 
were then incubated with primary antibodies diluted in Blotto overnight 
in a humid chamber at 4°C. The sections were then rinsed extensively with 
1 X PBS and incubated with fluorochrome-conjugated secondary antibod- 
ies diluted in Blotto for 1-2 h in a humid chamber at room temperature. 
After extensive rinsing with 1× PBS, tissue sections were mounted in per- 
mafluor mounting media (Lipshaw Immunon, Pittsburgh, PA). Sections 
were observed on a Zeiss axiophot microscope and images were acquired 
using a Hamamatsu CCD camera. Staining for desmin was carried out us- 
ing monoclonal antibodies DE-U-10  (Sigma)  and D3  (Developmental 
Figure  1.  Targeted  inactiva- 
tion of the desmin gene. (A) 
Schematic  representation  of 
the mouse desmin locus,  the 
targeting vector, and the mu- 
tant  allele  (des  ml)  produced 
by  homologous  recombina- 
tion.  The  nine  exons  of  the 
mouse desmin gene are indi- 
cated by stippled boxes. The 
neo  expression  cassette  dis- 
rupts  the  desmin  coding  se- 
quence  by  replacing  the  se- 
quence  3'  to  the  first  XhoI 
site of exon 1. The EcoRI site 
in  the  neo  expression  cas- 
sette  provides  a  marker  for 
identifying  targeted  alleles. 
Digestion  of  genomic  DNA 
with  EcoRI  produces  a  5.2- 
kb  fragment  from  the  tar- 
geted allele compared to the 
8.5-kb  fragment  produced 
from the wild-type  allele.  R, 
EcoRI;  B,  BamHI;  H,  Hin- 
dlII;  X,  XhoI;  S,  SalI;  N, 
NotI. (B) Southern blot anal- 
ysis  of  EcoRI  digested  ge- 
nomic  DNA  from  wild-type 
des +1+  (+/+),  heterozygous 
des ÷jml  (+/-)  and  desmin 
null des  mllml (-/-)  mice. The 
indicated probe  A  was  used 
for genotyping. (C) Northern 
blot analysis of skeletal mus- 
cle RNA isolated from 5-wk- 
old des  +/+ , des  +  /ml, and des  mvmt 
mice  probed  with  a  mouse 
desmin cDNA. No hybridiza- 
tion  signal  is  detectable  in 
des  ml/ml  RNA,  even  after 
overexposure  (not  shown). 
The bottom panel shows the 
same  blot  probed  with  a 
cDNA for vimentin, demon- 
strating  comparable  RNA 
loading and lack of change in vimentin expression levels. Note that the heterozygous lane is slightly underloaded. (D) Western analysis 
of intermediate filament (IF) preparations from skeletal muscle isolated from des +/+, des +/ml, and des  ml/mI mice. +/+mt: IF preparation 
from C2C12 myotube cell culture. The blot was probed with the monoclonal desmin antibody, D3. No desmin immunoreactivity is ob- 
served in the des  mt/ml lane. The same results are obtained when the blot is probed with a polyclonal desmin antibody (not shown). The 
bottom panel shows a blot probed for vimentin. Note that there is no apparent overexpression of vimentin protein to compensate for 
the absence of desmin. 
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ment protein  expression by immuno- 
fluorescence. Frozen sections from car- 
diac muscle (A and F), skeletal muscle 
from  the  tongue  (B  and  G),  and 
smooth muscle (C and H) from the gut 
were  stained  using  a  desmin  mono- 
clonal  antibody,  DE-U-10.  Desmin 
staining is completely absent from all 
muscle  tissues  from  mice  lacking 
desmin, while wild-type muscle tissue 
shows  normal  desmin-staining  pat- 
terns.  Skeletal  and  cardiac  muscle 
show  staining  at  the  Z-discs,  with 
prominent staining at  the intercalated 
discs  of  cardiac  muscle  (arrow,  A). 
Staining is seen in the smooth muscle 
of the wild-type gut, including in indi- 
vidual myofibers extending up into the 
villi (arrow,  C).  Frozen sections from 
the tongue (D, E, I, and J)  were  also 
stained for vimentin (D and/3 and nes- 
tin (E and J). Vimentin staining is seen 
in  individual fibroblasts  and  satellite 
cells (arrows, D and/3, but is absent in 
myofibers from both wild-type (D) and 
null (1) muscle. Nestin staining is nega- 
tive in both wild-type (E) and null (J) 
muscle as well. Bars: (A, B, and D-G, 
I, and J) 25 p~m;  (C and H) 40 ~m. 
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anti-desmin (Sigma D-8281).  Vimentin staining was carried out with poly- 
clonal anti-mouse vimentin from ICN Biomedicals, and nestin staining 
was performed using monoclonal antibody Rat 401 (DSHB). Monoclonal 
antibody MF20 (DSHB) was used for the staining of sarcomeric myosin 
heavy chain. Monoclonal antibodies for nebulin, et-actinin, tropomyosin, 
and smooth muscle ct-actin were obtained from Sigma. Secondary anti- 
bodies used were FITC-conjugated goat anti-mouse IgG and Texas red- 
conjugated anti-rabbit lgG (Cappel, Malvern, PA) and rhodamine-conju- 
gated anti-goat IgG (ICN). All antibody dilutions used were suggested by 
the manufacturer, with the exception of D3 and Rat 401, which were used 
as undiluted hybridoma supernatants. 
Histology and Electron Microscopy 
All tissues used for routine histological analysis were first fixed in Bouin's 
fixative overnight, and then embedded in paraffin, cut in 5-micron-thick 
sections and stained with hematoxylin and eosin. VonKossa staining was 
performed on frozen tissue sections fixed in a  solution of formalin and 
ethanol. For staining with Masson's trichrome, tissues were fixed in 1× 
PBS containing 2% paraformaldehyde and 2% glutaraldehyde for 1 h at 
4°C, followed by fixation in 10% neutral buffered formalin overnight. For 
electron microscopy, muscle tissue was fixed in glutaraldehyde, postfixed 
in osmium tetroxide, and embedded in Spurr's resin. 80-nm-thick sections 
were  contrasted  with  lead  and  uranyl  salts  and  photographed  on  an 
EM410 electron microscope from Philips Electronic Instruments (Eind- 
hoven, The Netherlands). 
Results 
Generation of Desmin Null Mice 
To generate mice lacking desmin, we used gene targeting 
via  homologous recombination. The replacement vector 
used to generate the targeted disruption/deletion mutation 
(des  ~1) at the first exon of the desmin gene as shown in 
Fig.  1  was  described  in  detail  recently (Weitzer et  al., 
1995). The 319-bp of the 3' end of exon one was deleted to 
exclude the possibility of producing a partially functioning 
allele. This was done because we had initially found that 
transcription of this region governed by the HSV tk pro- 
moter produced a stable mRNA, and this transcript could 
produce a  biologically active, truncated desmin polypep- 
tide initiated from a bona fide downstream ATG codon. 
Targeted  AB2.2  ES  cell  lines  were  microinjected  into 
C57B1/6  blastocysts  and  subsequently  transferred  into 
pseudopregnant females. The four different targeted cell 
lines  used  for  microinjection  yielded  chimeras  ranging 
from 20 to 80% ES cell contribution as estimated by coat 
color mosaicism. Chimeras were bred to C57B1/6 females 
and germline transmission of the ES cell genome was ob- 
tained as verified by the production of agouti offspring. 
These mice were genotyped to identify mice heterozygous 
for the disrupted desmin allele (des +/ml) using a probe gen- 
erated from the 5' flanking region of the mouse desmin lo- 
cus,  probe  A  (Fig.  1 A).  Hybridization of this  band  to 
EcoRI digested genomic DNA identifies an 8.5-kb band 
from the wild-type desmin allele and a 5.2-kb band from 
the disrupted desmin allele (Fig. 1, A and B). des +/ml mice 
were  indistinguishable  from  their  wild-type  littermates 
both anatomically and behaviorally. Heterozygotes were 
crossed to produce mice homozygous for the disrupted al- 
lele (desml/'nl), and the progeny were identified by South- 
ern analysis (Fig. 1 B). Surprisingly, des  mw"l mice were vi- 
able  and  showed  the  expected  Mendelian  distribution. 
Northern and Western blot analysis (Fig. 1, C and D) on 
RNA and protein prepared from mouse leg muscle veri- 
fied the absence of desmin message and protein in mice 
homozygous for the disrupted allele, des  ml/ml mice display 
no obvious anatomical defects when compared to wild- 
type and heterozygous littermates, except for a slightly re- 
duced size in a very small percentage of individuals. Both 
male and female desmin null mice are fertile, although null 
females produce  slightly smaller  litter  sizes  when  com- 
pared to wild-type females (data not shown). 
Analysis of Intermediate Filament and Sarcomeric 
Protein Expression in Mice Lacking Desmin 
To  further confirm that  mice  homozygous  for  the  dis- 
rupted desmin allele did not express desmin, we analyzed 
frozen tissue sections of cardiac, skeletal, and smooth mus- 
cle from wild-type and des  ml/mt mice by indirect immuno- 
fluorescence. Staining of wild-type cardiac muscle with the 
desmin monoclonal antibody DE-U-10  revealed the  ex- 
pected striated pattern at the Z-disc of the sarcomere, and 
very prominent expression at the intercalated discs (Fig. 2 A, 
arrow). Desmin in wild-type skeletal muscle also demon- 
strates striated Z-disc staining (Fig. 2 B). Sections of car- 
diac and skeletal muscle from mice homozygous for the 
disrupted desmin allele did not reveal, as expected, any 
positive staining for desmin in either tissue (Fig. 2, F and 
G). The same results were obtained when tissue sections 
were stained using a polyclonal anti-desmin antibody (not 
shown). In wild-type intestinal smooth muscle, desmin can 
be seen as a filamentous network in cells of the longitudi- 
nal and circular layers of muscle, as well as in individual 
smooth muscle cells extending up into the villi of the intes- 
tine (Fig. 2 C, arrow). Desmin staining is completely ab- 
sent in smooth muscle from des  mllml mice (Fig. 2 H). 
During embryonic development of skeletal muscle, lev- 
els of desmin expression increase as terminal differentia- 
tion proceeds, and desmin filaments reorganize at the pe- 
riphery of the Z-discs (Granger and Lazarides, 1978; Gard 
and Lazarides, 1980). Vimentin expression is initially high 
in replicating myoblasts, but gradually decreases as termi- 
nal differentiation occurs (Bennett et al.,  1979; Gard and 
Lazarides, 1980). Like desmin, vimentin can be detected at 
the Z-discs at low levels, but it gradually disappears and is 
at  very low levels or  totally absent from adult  skeletal 
muscle  (Tokuyasu et al.,  1984).  Another IF,  nestin,  has 
also been shown to be present in replicating myoblasts and 
early myotubes, but like vimentin, it is also absent in adult 
skeletal muscle (Sejernsen and l_,endahl,  1993; Kachinsky 
et al., 1994). Recent knockouts of keratins 14 and 10 have 
suggested that in the absence of these IF subunits, expres- 
sion of other keratin IFs are able to at least partially com- 
pensate for the loss of these subunits (Lloyd et al., 1995; 
Porter et al.,  1996).  To determine if nestin and vimentin 
are expressed in skeletal muscle of adult desmin null mice, 
we stained sections of tongue (Fig. 2, D, E, L and J) and 
thigh (not shown) muscle with a monoclonal nestin anti- 
body and a polyclonal vimentin antibody. Nestin expres- 
sion  is  completely absent  in  adult  desmin  null  skeletal 
muscle as it is in wild-type muscle (Fig. 2, E  and J). Like- 
wise, vimentin staining is absent in null myofibers as it is in 
myofibers from wild-type muscle. Vimentin staining can 
be seen in mononucleated fibroblasts and presumptive sat- 
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null  skeletal  muscle.  The  number  of  vimentin  positive 
mononucleated  cells  is  somewhat  higher  in  null  skeletal 
muscle when compared to wild-type muscle, especially in 
the thigh (not shown), possibly due to proliferation of sat- 
ellite cells in damaged areas (see below). Northern (Fig. 1 C, 
bottom panel) and Western (Fig. 1 D, bottom panel) analy- 
sis  of vimentin  expression  from  adult  thigh  muscle  also 
Figure  3.  Analysis  of  sarcomeric 
protein  expression  by  immuno- 
fluorescence. Frozen sections from the 
tongue (A-D), heart (E-H), and gut (1 
and J) were stained for a-actin (A, B, 
E, and F), tropomyosin (C, D, G, and 
H), and smooth muscle c~-actin (I and 
J).  Sections  from  desmin  null  mice 
were taken from regions showing little 
or no degeneration in order to give an 
accurate  comparison  with  wild-type 
muscle.  No detectable difference in lo- 
calization or intensity  of staining was 
observed for any of the antigens inves- 
tigated between wild-type (A, C, E, G, 
and/) and desmin null (B, D, F, H, and 
J) muscle.  Bars: (A-H) 25 ~m; (I and 
J) 40 txm. 
showed no detectable  increase  of vimentin  expression  in 
desmin null muscle. 
We also stained wild-type and desmin null cardiac mus- 
cle for the presence of vimentin. As in the case of skeletal 
muscle, no vimentin expression  could be detected  in car- 
diac muscle  of either wild-type or desmin  null  mice.  Re- 
cently,  nestin  has  been  shown  to  be  very transiently  ex- 
pressed  in  midembryonic  cardiac  myofibers  (Kachinsky 
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cle  sections  from  mice  lacking  desmin. 
Hearts  from  10-wk-old  desmin null (A) 
and wild-type (E)  mice demonstrate ex- 
tensive areas of degeneration and calcifi- 
cation (as confirmed by VonKossa staining 
in Fig. 5) throughout the myocardium of 
des -I- mice. Sections from desmin null (B 
and C)  and corresponding areas in wild- 
type mice  (F and  G)  were  stained with 
Masson's trichrome to reveal areas of in- 
terstitial fibrosis and degeneration. High 
magnification of cardiac myofibers taken 
from  nonfibrotic regions of desmin null 
myocardium (D) and wild-type (H) myo- 
cardium  stained  with  hematoxylin  and 
eosin.  Several  of  the  fibers  from  the 
desmin null myocardium appear to be dis- 
rupted and disintegrating.  Bars: (D and H) 
5 ~m; (C and G) 10 Ixm. 
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type and null mice for nestin also showed no staining (data 
not  shown).  Thus,  we  conclude  that  in  the  absence  of 
desmin,  neither  vimentin nor nestin  expression  is  main- 
tained in adult striated muscle. 
As myofibrils are assembled in des  ml/'n~ mice, it is obvi- 
ous that the presence of desmin is not necessary for the as- 
sembly  of  these  structures.  However,  the  absence  of 
desmin might influence the localization or level of expres- 
sion  of individual  myofibrillar proteins.  To  address  this 
question, we stained tissue sections of muscle from wild- 
type and desmin null mice for a number of proteins found 
in the contractile apparatus. To make an accurate compar- 
ison, we only analyzed regions of muscle from desmin null 
mice which had not yet undergone any degeneration (see 
below). In striated muscle, sarcomeric a-actinin is a major 
component of the Z-disc. We were unable to detect any 
discernible difference in localization or intensity of a-acti- 
nin staining in wild-type or desmin null cardiac or skeletal 
muscle (Fig.  3, A, B, E, and F).  Similar results were ob- 
tained from staining of cardiac and skeletal muscle for tro- 
pomyosin (Fig. 3, C, D, G, and H). Tropomyosin is not lo- 
calized along the Z-lines itself but appears on either side 
of the Z-line, thus displaying a wider band. No obvious dif- 
ferences between wild-type and des  ml/m~ can be seen, indi- 
cating that the absence of desmin does not influence the 
localization or expression of this protein.  Similar results 
were obtained when sections were stained for nebulin (not 
shown) and myosin heavy chain (not shown). Staining of 
intestinal  smooth muscle  tissue  sections  for the  smooth 
muscle isoform of ct-actin also showed no obvious differ- 
ence in staining between desmin null and wild-type mice 
(Fig.  3, I  and J). Thus, we conclude that the  absence of 
desmin does not influence the localization and levels of ex- 
pression of these proteins of the contractile apparatus. 
Multiple Muscle Disorders Accompany Disruption of 
Muscle Architecture in Mice Lacking Desmin 
Further  analysis  of des  ml/m! mice  revealed  defects  in  all 
three muscle types. While most des  ~1/ml mice are anatomi- 
cally identical to wild-type and heterozygous mice, by the 
second week after birth we noted that des  ml/ml mice were 
somewhat more  lethargic  than  their  wild-type  and  het- 
erozygous littermates. Dissection of des  ml/mt mice revealed 
the presence of extensive calcium deposits in the myocar- 
dium, with higher concentrations on the left ventricle (Fig. 
4 A).  Confirmation that  the  deposits  contained calcium 
Figure 5.  Progressive degeneration of cardiac muscle in mice lacking desmin. Tissue sections from 10-wk-old wild-type (a) and desmin 
null (b-e) myocardium stained with hematoxylin and eosin (a, b, and d) or VonKossa's stain (c and e). Wild-type muscle shows no de- 
generation, but desmin null myocardium shows extensive degeneration and fibrosis. The extent of degeneration is more severe in super- 
ficial sections of the myocardium (d and e) than in sections taken  deeper within the myocardium (b and c). The brown precipitate 
formed in sections stained with VonKossa's (c aad e) stain indicates the presence of calcium deposits. The degeneration of cardiac tissue 
increases with age. A heart removed from an ll-wk desmin null mouse (fand g) shows extensive degeneration. Note the absence of cal- 
cium deposits in this heart. The degeneration is so severe that some areas of the myocardium appear transparent  (arrowhead, land g). 
(g) The same heart with the external scar tissue of the myocardium cut and pulled back to reveal damaged cardiac muscle. Bar: (a-e) 10 p.m. 
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tions (Fig. 5, c and e). Histological (Fig. 4, B, C, D, F, G, 
and H; 5, a-e) and electron microscopic (Fig. 6)  analysis 
revealed the appearance of a general loss of cardiomyofi- 
ber tension, with areas of considerable disruption and dis- 
organization  of  the  cardiac  myofibers  and  myofibrils. 
Staining with Masson's trichrome for collagen revealed ar- 
eas of extensive interstitial fibrosis and necrosis (Fig. 4, B 
and C). Degeneration of the myocardium was more prom- 
inent  throughout  the  left  ventricle,  and  the  lesions  ap- 
peared to progress from the exterior of the myocardium to 
the interior (Fig. 5, a-e), suggesting that over time, the de- 
generation of cardiac tissue works from the exterior of the 
myocardium inward (see also Fig. 5, b-e). 
Occasionally, the extent of muscle loss was very severe 
and  this  was  easily  manifested  upon  dissection  by  the 
transparency of areas of the myocardium, as shown in Fig. 5 
(Fig. 5, f  and g). While analysis of cardiac sections from 
neonates  shows  little  degeneration  and  no  calcification 
(not shown), these defects are visible by the third week af- 
ter birth and gradually increase with age. Additionally, in 
cases of severe lesions  the calcium deposits were disap- 
pearing together with the degenerating tissue (Fig. 5, f and 
g). Electron microscopy of sections from desmin null ven- 
tricular muscle revealed that while there are a large num- 
ber of apparently normal fibers, several myofibers demon- 
strate severely disrupted architecture (Fig. 6). In contrast 
to wild-type fibers, which display  laterally aligned myo- 
fibrils and nicely packed strands  of mitochondria (Fig. 6 
a), these myofibers have lost the normal lateral alignment 
of myofibrils and often show disrupted myofibrils, particu- 
larly at the positions of the intercalated discs (Fig. 6, B and 
C)  and  detachment from the  sarcolemma.  Additionally, 
the mitochondria have lost their organization as well, and 
they often appear to be swollen and disintegrating. 
Histological  examination  of  skeletal  muscle  of  the 
tongue, leg, and diaphragm revealed similar defects in the 
integrity and organization of the myofibers, although to a 
lesser extent than that seen in cardiac muscle. Abnormali- 
ties included loss of myofiber tension, ragged and disorga- 
nized  myofibers with  few, if any,  discernable  striations, 
some loss of stable nuclear positioning and indications of 
degeneration (Fig. 7). The extent of damage depends on 
the origin of the muscle examined. In the tongue, a major- 
ity of the fibers display the ragged, disintegrating morphol- 
ogy (Fig. 7 A), while in muscle from the back, relatively 
few fibers show this morphology (not shown). Cross sec- 
tions of skeletal muscle from des  ml/ml  and wild-type mice 
(Fig. 7, C and F) demonstrate that in mice lacking desmin, 
many fibers are also ragged in appearance, of smaller di- 
ameter and frequently not closely packed when compared 
to  wild-type  muscle.  Additionally,  there  appears  to  be 
more nuclei present in cross sections from null mice, in- 
cluding some fibers which appear to have internal clusters 
of multiple nuclei. Electron microscopy of skeletal muscle 
from the diaphragm  (Fig.  8)  clearly revealed that,  as in 
Figure  6.  Transmission  electron microscopy  of cardiac  muscle 
from mice lacking desmin. Wild-type cardiac muscle (a) shows 
aligned arrays of myofibrils terminating  and inserting at interca- 
lated discs (arrowhead).  Myofibrils are interrupted occasionally 
by packed  strands  of mitochondria.  A  number of fibers  from 
desmin null myocardium  (b) show disorganization  and signs of 
damage. The myofibrils are disorganized and in some cases ap- 
pear to have separated from intercalated discs (arrowhead). Note 
that the mitochondria are also highly disorganized, and many ap- 
pear to be swollen. (c) Higher magnification  view of b. Bars, 1.0 I~m. 
Milner et al. Multiple Muscle Defects in Desmin Null Mice  1263 Figure 7.  Skeletal muscle abnormalities in desmin null mice. Longitudinal sections of tongue (A and D) and thigh (B and E) skeletal 
muscle from 5-wk-old desmin null (-/-)  and wild-type (WT) mice. Numerous skeletal muscle fibers in desmin null mice (A and B) ap- 
pear ragged and disorganized, giving the impression that they are degenerating when compared to wild-type muscle (D and E). Stria- 
tions are rarely discernible in these fibers. Cross sections of thigh skeletal muscle from null (C) and wild-type (F) mice demonstrate that 
in des-/- mice, many fibers are also ragged in appearance and are frequently not closely packed when compared to wild-type muscle. 
Additionally, there appear to be more nuclei present in cross sections from null mice, including some fibers which appear to have multi- 
ple nuclei clustering internally. Bars: (A and D) 5 ~m; (B and C, E and F) 10 p.m. 
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from 10-wk-old desmin null and wild-type mice, Sections of myo- 
fibers from wild-type diaphragm (a) show well-formed myofibrils 
in register,  and paired mitochondria arranged in an orderly fash- 
ion  at the  Z-lines  between adjacent myofibrils.  Corresponding 
sections from desmin null (-/-)  diaphragm show numerous ar- 
eas with severely disrupted myofibrils  (b and c). The star in b 
identifies the area magnified in c. The myofibrils are not in regis- 
ter, and are often separated by large  areas of cytoplasm.  Some 
myofibrils appear to be disintegrating. The mitochondria are also 
very disorganized. Bars, 1.0 ~xm. 
cardiac muscle, some myofibers from des  ml/ml animals ap- 
pear relativley normal, while others show disrupted intra- 
cellular architecture, including abnormally registered sar- 
comeres  with  missing  or  disoriented  Z-discs  and  an 
absence of typically striated A  and I  bands. Similarly, an 
additional  severe effect was the disorganization  of mito- 
chondria. While the mitochondria are found in pairs at the 
Z-line in wild-type diaphragm, this organization is lost in a 
number of fibers in des  ml/ml muscle. Additionally, a num- 
ber of mitochondria also show the swollen, disintegrating 
morphology similar to those seen in some des  ml/ml cardiac 
myofibers (Fig. 6, b  and c).  Indeed,  association  of mito- 
chondria with intermediate filament networks has been re- 
ported in previous investigations (Tokuyasu et al., 1983a,b). 
Among the different skeletal muscle types studied, tongue 
demonstrated  the  most  severe  myofiber disruption  and 
disintegration both by histological (Fig. 7 A) and electron 
microscopic analysis (data not shown). The diaphragm was 
also severely affected, while skeletal muscle from the thigh 
is affected to a somewhat lesser degree. The muscles of the 
back show the least disruption and degeneration (not shown). 
These results suggest  a  possible correlation  between the 
severity of the damage and the extent of muscle usage. 
Histological  analysis  also  revealed  parallel  defects  in 
smooth muscle. As shown in Fig.  9,  abnormalities of the 
smooth  muscle  of the  aorta  from des  mt/mt mice  include 
loose  organization  of smooth muscle  cells,  a  preponder- 
ance of empty space around the myofiber nuclei, hypopla- 
sia, and a low degree O  f degeneration at both the outtrack 
(Fig. 9 A) and the thoracic levels (Fig. 9 B). The clearing of 
cytoplasm around the nuclei can also be observed at the 
electron microscopic level (not shown). The effect of the 
absence of desmin was  also  examined  in  gastric smooth 
muscle. The defects observed here were generally milder 
than those seen in other muscles. We observed partial loss 
of the outer longitudial smooth muscle layer and some hy- 
poplasia of the circular layer muscle of the intestine. Loose 
cellular  organization  and  adhesion  was  also  very  pro- 
nounced (Fig. 9 C). 
Discussion 
Function of Desmin in Muscle Maintenance and 
Strength vs Muscle Formation 
The  present  data  demonstrate  that  in  the  absence  of 
desmin  prenatal  muscle  development  can  take  place  in 
mice, but muscle integrity and function  cannot be main- 
tained.  The former data were surprising for two reasons. 
First  desmin is  expressed very early during both cardiac 
and skeletal muscle development preceding the expression 
of most myogenic HLH regulators (Schaart et al.,  1989), 
thus  suggesting  an  important  role  in  muscle  formation. 
Second,  in  vitro studies  using both  antisense  RNA  tech- 
niques  (Li et al.,  1994),  as well as desmin null  embryoid 
bodies differentiating in vitro (Weitzer et al., 1995), dem- 
onstrated the importance of desmin at least in skeletal and 
smooth  muscle  development.  Obviously,  the  present  in 
vivo data do not support the previously reported in vitro 
data. However, the existing difference can be explained by 
the potential use of vimentin or nestin in vivo to compen- 
sate for the absence of desmin during development. Such 
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vivo not only for members of the IF family (Lloyd et al., 
1995; Colucci-Guyon et al., 1994; Gomi et al., 1995; Porter 
et al., 1996) but also for several other genes, particularly in 
muscle (Olson and Klein, 1994). In embryoid bodies, how- 
ever, these compensatory mechanisms seem to take place 
effectively only in cardiac and not in skeletal and smooth 
muscle development (Weitzer et al., 1995).  In addition to 
vimentin and desmin, nestin is also expressed in both skel- 
etal and cardiac early muscle development (Kachinsky et al., 
1994,  1995).  Generation  of  a  double  null  mutation  of 
desmin  and  vimentin  and/or  nestin  will  directly  address 
whether or not either of these two IF proteins can com- 
pensate for the absence of desmin during development in 
vivo. However, an additional complication is the recogni- 
tion  that  there  is now a  fourth  IF protein,  synemin, ex- 
pressed  in  muscle  tissue  (Granger  and  Lazarides,  1980; 
Becker et al., 1995). Like desmin, synemin also shows sim- 
ilar localization at the Z-line in striated muscle (Granger 
and  Lazarides,  1980;  Muguruma  et  al.,  1981;  Price  and 
Lazarides,  1983).  Unfortunately,  addressing  the  issue  of 
whether  synemin  can  compensate  for  the  absence  of 
desmin during myogenesis in vivo or partially compensate 
for its absence in adult muscle is impossible at this time, as 
mouse  synemin has not  yet been cloned  and  antibodies 
recognizing mouse synemin are not yet available. 
It was clearly demonstrated that des  ml/ml mice have de- 
fects  in  all  three  muscle  types.  Common features  in  all 
cases include overt cell and tissue damage with signs of in- 
stability and degeneration.  The effects of the absence of 
desmin  are  most severe in  cardiac  muscle,  with  smooth 
muscle seemingly least affected and skeletal muscle exhib- 
iting damage that is intermediate in severity. The defects 
we see are most possibly due to either increased fragility 
of the  myofibers, or  to  impairment  of normal  myofibril 
and  myofiber  repair  and  regeneration  (Grounds  and 
Yablonka-Reuveni,  1993).  Additionally,  these  results 
seem to suggest that the more active the muscle tissue, the 
greater  damage  and  degeneration  it  exhibits  in  the  ab- 
sence of desmin. This is supported by the fact that degen- 
eration of cardiac muscle, which is constantly contracting, 
is the most severe that we observe, and that there seems to 
be  a  range  of severity of degeneration  seen  in  skeletal 
muscle.  Very active muscles such as the  diaphragm  and 
tongue show a higher amount of degeneration than mus- 
cles which are less active, such as those of the back. How- 
ever, only a fraction of the cell population in a given mus- 
cle  tissue  is  defective.  This  indicates  that  desmin  is  not 
absolutely  necessary  for the  formation  and  assembly of 
myofibrils, but  rather  it  suggests  that  it  is  required  for 
maintenance of their integrity and possibly for their repair 
or regeneration after mechanical damage. These data are 
consistent with the hypothesis that IFs form a  transcyto- 
plasmic integrating matrix that might contribute to the in- 
tegrity  and  strength  of  both  myofibrils  and  myofibers 
(Lazarides,  1980;  Lazarides and  Capetanaki,  1986).  Dis- 
ruption  of IFs  in  cultured  muscle  cells  using  truncated 
desmin dominant mutants in transient transfection experi- 
ments (Schultheiss et al., 1991) agree with the present data 
in which desmin is not absolutely necessary for myofibril 
assembly  and  initial  lateral  alignment,  as  was  also  sug- 
gested originally by Hill and colleagues (Hill et al., 1986) 
Those studies, however, could not address issues regarding 
the role of IFs in the maintenance and proper integrity of 
these structures in the tissue.  On the other hand, disrup- 
tion of IFs by microinjection of DNA coding for truncated 
vimentin or desmin in fertilized Xenopus  eggs also did not 
seem to influence myofibril assembly but destabilized the 
intersomite  junction  in  myotomal  muscle  (Cary  and 
Klyrnkowsky, 1995).The  role  of IFs in  cell integrity  and 
strength  has been suggested from numerous studies with 
keratins  (Coulombe et al.,  1991a,b;  Bonifas  et al.,  1991; 
Vassar et al., 1991;  Cheng et al., 1992; Chipev et al., 1992; 
Lane et al., 1992; Rothnagel et al., 1992;  Reis et al., 1994; 
Torchard, 1994;  for review see Fuchs,  1994;  McLean and 
Lane, 1995).  Furthermore, transgenic mouse models have 
provided  evidence  directly linking  neurofilament  abnor- 
malities to neurodegenerative processes (Cote et al., 1993; 
Xu et al., 1993; Lee et al., 1994; Collard et al., 1995; for re- 
view see Lee and Cleveland, 1994.).  Thus, muscle that is 
deficient in desmin could be more fragile than wild-type 
muscle, and as such, would be more easily damaged during 
contractile  activity.  This  would  lead  one  to  expect  that 
more actively contracting muscle would incur more dam- 
age and thus undergo more extensive degeneration. 
An alternative explanation for the severity of the degen- 
eration seen in cardiac muscle is that a vascular abnormal- 
ity resulting from the absence of desmin in smooth muscle 
results in reduced blood supply to the myocardium, lead- 
ing  to  progressive  degeneration.  This  possibility  is  sup- 
ported by the observed effect that the absence of desmin 
has on the smooth muscle of the aorta. On the other hand, 
the possibility that the primary cause of myocardial degen- 
eration is fragility of the myofibers, is supported by the ob- 
served effects on skeletal muscle. However, these possibil- 
ities are not mutually exclusive, and could both contribute 
to  the  observed  myocardial  degeneration.  Overall,  the 
phenotype observed in smooth muscle was less dramatic 
(except in the case of the aorta) than that seen in cardiac 
and skeletal muscle. As with striated muscle, the  abnor- 
malities observed in smooth muscle could be due to tissue 
instability as a consequence of the absence of desmin and/ 
or an inability to repair mechanical damage resulting from 
normal activity of the  muscle. The fact that organs con- 
taining smooth muscle are less affected may be due to the 
sustained expression of vimentin which, in contrast to stri- 
ated muscle, is maintained after differentiation (Schmid et 
al., 1982).  Very preliminary examination of uterine smooth 
muscle did not demonstrate extreme differences between 
nonpregnant wild-type and des  "~/'1 tissue. However, uteri 
Figure 9.  Defects in smooth muscle from mice lacking desmin. Sections of aorta from the outtrack (A and D) and thoracic (B and E) 
levels of desmin null (-/-) and wild-type (WT) mice. Note the clearing of cytoplasm around myofiber nuclei (A) and hypoplasia of the 
smooth muscle layer (B) in aortic sections from desmin null mice. Some areas between elastic fibers in the null aorta (B) appear devoid 
of cells. A loose organization  of tissue can be seen in the circular (C) muscle layer of the stomach from desmin null mice, as well as a 
slightly reduced thickness of the outer longitudinal (L) layer of muscle of the stomach when compared to wild-type tissue (F). Bar, 10 ~m. 
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of smooth muscle compared to pregnant wild-type uterine 
tissue (data not shown). 
As in dystrophin deficiencies that lead to muscle degen- 
eration (Jackson, 1993), the causes of the observed muscle 
degeneration in the absence of desmin are not clear at this 
point. They could be the  consequence of tissue damage 
due to muscle weakness in the absence of desmin, and/or 
an inability of the des  ml/ml mice to efficiently repair dam- 
age caused by normal mechanical stress.  Such defects in 
damage repair can be correlated with delayed wound heal- 
ing found in BPAG1, or keratin bundling protein, knock- 
out mice (Guo et al., 1995), possibly due to abnormal kera- 
tin  filament  behavior.  The  latter  case  could  be  due  to 
defects in signaling which might be important for both myo- 
fibril and myofiber repair and regeneration. This possibil- 
ity is supported by recent reports from GFAP null mice, 
which have suggested involvement of the glial cell specific 
IF in communication between Bergmann glia and Purkinje 
cells (Shibuki et al., 1996). 
Desmin and Muscle Disease 
There are several reported myopathies and cardiomyopa- 
thies with abnormally accumulated granular and filamen- 
tous  aggregates  of desmin  (for review  see  Goebel  and 
Borneman,  1993).  There  is  no  case,  however,  where 
desmin  is  completely absent.  Similarly,  there  is  no  evi- 
dence, so far, demonstrating that these  abnormalities in 
desmin  distribution  have a  causal  effect on  the  disease. 
Muscle damage and degeneration is the hallmark of most 
common  myopathies,  cardiomyopathies,  and  muscular 
dystrophies  (Grounds  and  Yablonka-Reuveni,  1993).  In 
addition, several of the lesions developed in all three mus- 
cle types of the desmin null mice are reminiscent of those 
reported in some familial desminopathies  (Vajsar et al., 
1992; Horowitz and Schmalbruch, 1993; Ariza et al., 1995; 
for review see  Goebel and Borneman,  1993).  These in- 
clude dilation of the ventricle chamber (Figs. 4 and 5), hy- 
poplasia  of the  aorta,  thinned  intestinal  walls,  and  dis- 
tended and fragmented Z-lines (Ariza et al.,  1995).  The 
present data support the idea that the observed abnormal- 
ities in desmin distribution in several reported myopathies 
might have a causal effect. Such hypothesis is favored by 
the extensive similarity of the desmin abnormal aggregates 
to those  of keratin  filament aggregates  which  relate  di- 
rectly to different skin diseases (Coulombe et al., 1991a,b; 
Bonifas et al., 1991; Vassar et al., 1991; Cheng et al., 1992; 
Chipev et al.,  1992;  Lane et  al.,  1992;  Rothnagel  et  al., 
1992; Reis et al., 1994; Torchard et al., 1994; for review see 
Fuchs, 1994; McLean and Lane, 1995). Furthermore, natu- 
ral human mutations in k14 (Chanet al., 1994; Rugg et al., 
1994)  and  the  knockout  of the  k14  gene  (Lloyd et  al., 
1995) provided further support for the notion that cell fra- 
gility is a consequence of the absence of the keratin fila- 
ment network rather than the presence of insolable aggre- 
gates. Consequently, it could be suggested that the desmin 
null mouse can provide an animal model for several skele- 
tal and cardiac myopathies which closely resemble those 
with abnormalities in desmin distribution (Thornell et al., 
1980,  1983;  Goebel and Bornemann,  1993; Vajsar,  1993; 
Horowitz and Schmalbruch, 1994; Ariza et al., 1995). 
We thank Eva Regel for assistance with blastocyst microinjections and Liz 
Hopkins for  assistance with histology. We thank Dr.  William Brinkley, 
Dr.  Michael Mancini, and  Donna  Turner  in the  Integrated Microscopy 
Core Laboratory for enormous help with electron microscopy and imag- 
ing. We thank Dr. Maureen  Price, Dr. Stavros Topouzis, Dr.  Mark Ent- 
man, Dr. Howard Holtzer, Dr. Henry Epstein, Dr. Michael Schneider, and 
Dr. Leslie Leinwand for valuable discussions. A  short communication on 
the  desmin knockout  was reported  during the  final preparation  of this 
manuscript by Li et al. (1996). 
This work was supported by National Institutes of Health grant AR 
39617-01  and a  Muscular Dystrophy Association grant to Y. Capetanaki 
and a Max Kade award to G. Weitzer. 
Received for publication 5 June 1996 and in revised form 2 July 1996. 
References 
Allen, R.E., L.L. Rankin, E.A. Greene, L.K. Boxhorn, S.E. Johnson, R.G. Tay- 
lor, and P.A. Pierce. 1991. Desmin is present in proliferating rat muscle satel- 
lite cells but not in bovine muscle satellite cells. J. Cell Physiol. 149:525-535. 
Arnold, H.H., and T. Braun. 1993. The role of Myf5 in somitogenesis and the 
development of skeletal muscles in vertebrates. ,L Cell Sci.  104:957-960~ 
Ariza, A., J. Coil, M.T. Fernandez-Figueras, M.D. Lopez, J.L. Mate, O. Garcia, 
A. Fernandez-Vasalo, and J.J.  Navas-Palacios. 1995. Desmin myopathy: a 
multisystem disorder involving skeletal, cardiac and smooth muscle. Human 
Pathol. 26:1032-1037. 
Becket, B.,  R.M. Bellin, S.W.  Sernett, T.W. Huiatt, and R.M. Robson.  1995. 
Synemin contains the rod domain of intermediate filaments. Biochem.  Bio- 
phys. Res. Commun. 213:796-802. 
Bennett, G.S., S.A. Fellini, Y. Toyama, and H. Ho[tzer. 1979. Redistribution of 
intermediate filament subunits during skeletal myogenesis and maturation in 
vitro. Z  Cell Biol. 82:577-584. 
Bonifas, J.M., A.L. Rothman, and E.H. Epstein. 1991.  Epidermolysis bullosa 
simplex: evidence in two families for keratin gene abnormalities. Science 
(Wash. DC). 254:1202-1205. 
Capetanaki, Y., J. Ngai, and E. Lazarides. 1984a. Characterization and regula- 
tion in the expression of a gene encoding for the intermediate filament pro- 
tein desmin. Proc. Natl. Acad. Sci.  USA. 81:6909-6912. 
Capetanaki, Y., J. Ngai, and E  Lazarides. 1984b.  Regulation of the expression 
of the genes coding for the intermediate filament subunits vimentin, desmin 
and glial fibrillary acidic protein. In Molecular Biology of the Cytoskeleton. 
G. Borisy et al., editors. Cold Spring Harbor Laboratory, Cold Spring Har- 
bor, NY. 
Capetanaki, Y., S. Smith, and J.P. Heath. 1989. Overexpression of the vimentin 
gene in transgenic mice inhibits normal lens cell differentiation. Z  Cell Biol. 
109:1653-1664. 
Cary, R.B., and M.W. Klymkowsky. 1995. Disruption of intermediate filament 
organization leads to structural defects at the intersomite junction in Xeno- 
pus myotomal muscle. Development.  121:1041-1052. 
Chan Y.-M., Q.-C. Yu., A. Christiano, J. Uitto, R.S. Kucherlapati. J. LeBlanc- 
Straceski, and E. Fuchs. 1994. Mutations in the non-helical linker segment 
L1-2 of keratin 5  in patients with Weber-Cockayne epidermolysis bullosa 
simplex. J. Cell Sci.  107:765-774. 
Cheng, J., A.J. Snyder, Q.C. Yu, A. Letai, A.S. Paller, and E. Fuchs. 1992. The 
genetic basis of of epidermolytic hyperkeratosis: a  disorder of differentia- 
tion-specific epidermal keratin genes. Cell. 70:811-819. 
Chipev, C.C., B.P. Korge, N. Markova, S.J.  Bale, J.J. DiGiovanna, J.G. Comp- 
ton, and P.M. Steinert. 1992. A leucine to proline mutation in the H1 subdo- 
main of keratin 1 causes epidermolytic hyperkeratosis. Cell. 70:821-828. 
Choi, J., M.L. Costa, C.S.  Mermelstein, C. Chagas, S. Holtzer, and H. Holtzer. 
1990.  MyoD  converts primary dermal fibroblasts, chondroblasts, smooth 
muscle and retinal pigmented epithelial cells into striated mononucleated 
and multinucleated myotubes. Proc. Natl. Acad. Sci. USA. 87:7988-7992. 
Collard, J.F.,  F.  Cote, and J.P.  Julien.  1995.  Defective axonal transport in a 
transgenic mouse model of amyotrophic lateral sclerosis. Nature  (Lond.). 
375:61-64. 
Colucci-Guyon, E., M.-M. Portier, I. Dunia, D. Paulin, S. Pournin, and C. Babi- 
net. 1994. Mice lacking vimentin develop and reproduce without an obvious 
phenotype. Cell, 79:579-694. 
Cote, F., J. Collard, and J. Julien. 1993. Progressive neuropathy in transgenic 
mice expressing the human neurofilament heavy gene: a mouse model for 
amyotrophic lateral sclerosis. Cell. 73:35-46. 
Coulombe, P.A, M.E. Hutton, A. Letai, A. Herbert, S.A. Paller, and E. Fuchs. 
1991a.  Point mutations in human keratin 14 genes of epidermolysis bullosa 
simplex patients: genetic and functional analyses. Cell. 66:1301-1311. 
Coulombe, P.A., M.E. Hutton, R. Vassar, and E. Fuchs. 1991b. A  function for 
keratins  and  a  common  thread  among  different  types  of  epidermolysis 
bullosa simplex disease. ,L Cell Biol. 115:1661-1674. 
Danto, S.I.,  and D.A. Fischman.  1984. Immunocytochemical analysis of inter- 
mediate filaments in embryonic heart cells with monoclonal antibodies to 
desmin. J. Cell Biol. 98:2179-2191. 
The Journal of Cell Biology, Volume 134,  1996  1268 Dunia, I,, F, Pieper, S. Manenti. A. van de Kamp, G. Devilliers, E.L. Benedetti, 
and H. Bloemendal.  1990. Plasma membrane-cytoskeleton damage in eye 
lenses of transgenie mice expressing desmin. Eur. J. Cell Biol. 53:5%74. 
Evans, R.M.  1994, Intermediate filaments and fipoprotein cholesterol. Trends 
Cell BioL 4:149-151. 
Forgacs, G, 1995. On the possible role of cytoskelelal filamentous networks in 
intracellular signalling: an approach based on percolation. J.  Cell Sci,  108: 
2131-2143. 
Fuchs, E.  1994. Intermediate filaments and disease: mutations that cripple cell 
strength.J. Cell BioL  125:511-516, 
Fuchs, E.,  and K. Weber.  1994. Intermediate  filaments: structure, dynamics, 
function, and disease. Annu.  Rev, Biochem. 63:345-382. 
Gard, D.L., and E.  Lazarides. 1981). The synthesis and distribution of desmin 
and vimentin during myogenesis in vitro. Cell 19:263-275. 
Georgatos, S.D,, and C, Maison.  1996. Integration of intermediate filaments 
into cellular organelles. Int. Rev. Cyml, 164:91-138, 
Goebek H., and A. Bornemann. 1993. Desmin pathology in neuromuscular dis- 
ease. Vichrows Arehiv. B Celt Pathol. 64:127-135. 
Gomi, H., T. Yokoyama, K. Fujimoto, T, Ikeda, A. Katoh, T. ltoh, and S. Ito- 
hara. 1995. Mice devoid of the glial fibrillary acidic protein develop normally 
and are susceptible to scrapie prions, Neuron, 14:2941. 
Granger. B.L., and E. Lazarides, 1978. The existence of an insoluble z-disc scaf- 
fold in chicken skeletal muscle. Cell.  15:1253-1268. 
Granger, B.L., and E. Lazarides. 1979. Desmin and vimentin exist at the periph- 
ery of the z-disc. Cell  18:1053-1063. 
Granger, B.L., and E. Lazarides. 1980. Synemin: a new high molecular weight 
protein associated with desmin and vimentin filaments in muscle. Cell. 22: 
727-38. 
Grounds, M.D., and Z. Yablonka-Reuveni. 1993. Molecular and cell biology of 
skeletal  muscle regeneration~ In  Molecular and Cell  Biology of Muscular 
Dystrophy. T. Partridge, editor. Chapman and Hall, London. pp. 210-256. 
Guo, L., L. Degenstein, J. Dowling. Q.-C. Yu. R. Wollmann, B. Perman, and E. 
Fuchs.  1995.  Gene  targeting  of  BPAGI:  abnormalities  in  mechanical 
strength and cell migration in stratified epithelia and neurologic degenera- 
tion. Cell. 81:233-243. 
Herrmann, H., B. Fouquet, and W.W. Franke. 1989. Expression of intermediate 
filament proteins during development of Xenopus  laevis.  11. Identification 
and molecular characterization of desmin. Development.  I(t5:299-307. 
Hill, C.S., S. Duran. and Z.X. Lin. 1986. Titin and myosin, but not desmin, are 
linked during myofibrillogenesis in postmitotic mononucleated myoblasts. ,L 
Cell BioL  1113:2185-2196. 
Holtzer. H.. G.S. Bennett. S.J. Tapscott, J.N. Croop, and Y. Toyawa. 1982. In- 
termediate sized filaments: changes in synthesis and distribution in cells of 
myogenic and neurogenic lineages. Cold Spring Harbor Syrup.  Q,ant.  Biol. 
46:317-329. 
Horowitz. S.H., and H. Schmatbruch. 1994. Autosomal dominant distal myopa- 
thy with desmin storage: a clinicopathologic and electrophysiologic study of 
a large kinship. Muscle & Nerve. 17:I51-160. 
lngber, D.E. 1993. The riddle of morphogenesis: a question of solution chemis- 
try or molecular cell engineering? Cell.  75:1249-1252. 
lshikawa. H., R. Bischoff, and H. Holtzer. I968. Mitosis and intermediate-sized 
filaments in developing skeletal muscle. J. Cell Biol. 38:538-555. 
Jackson, M.J.  1993. Molecular mechanisms of muscle damage. In  Molecular 
and Cell Biology of Muscular Dystrophy. T. Partridge, editor. Chapman and 
Hall, London. pp. 257-282. 
Kachinsky, A.M.. J.A. Dominov. and J.B, Miller.  1994. Myogenesis and the in- 
termediate filament protein, nestin. Dev. BioL  165:216-228. 
Kachinsky, A.M., J.A, Dominov, and J,B. Miller. 1995. Intermediate filaments 
in cardiac myogenesis: nestin in the developing mouse heart. J.  Histochem. 
Cytoehem. 43:843-847. 
Kaufman, S.J., and R.  Foster.  1988. Replicating myoblasts express a  muscle- 
specific phenotype. Proc. NatL Acad. Sci.  USA. 85:9606-9610. 
Klymkowsky, M.  1995. Intermediate  filaments: new proteins, some  answers, 
more questions. Curr. Opin. Cell BioL 7:46-54, 
Kuisk, I.R., H. Li, D. Tram and Y. Capetanaki. 1996. A  single MEF2 site gov- 
erns desmin transcription in both heart and skeletal muscle during mouse 
embryogenesis. Dev. BioL  174:1-13. 
Lane, E.B., E.L. Rugg, H.J. Navsaria, I.M. Leigh, A.H.M. Heagerty, A. Ishida- 
Yamamoto and R.A.J. Eady. 1992. A  mutation in the conserved helix termi- 
nation peptide of keratin 5 in hereditary skin blistering. Nature (Lond.t. 356: 
244-246. 
Lazarides, F,, and B.D. Hubbard. 1976. Immunological characterization of the 
subunit of the 100/k filaments from muscle cells. Proc. Natl. Acad. Sci  USA. 
73:4344-4348. 
Lazarides, E. 1980, Intermediate filaments as mechanical integrators of cellular 
space. Nature (Lond.). 238:24%256. 
Lazarides, E.. and Y. Capetanaki. 1986. The striated muscle cytoskeleton: ex- 
pression and assembly in development, Molecular Biology of Muscle Devel- 
opment.  749-772. 
Lee, M.K., and D.W, Cleveland. 1994. Neurofilament function and dysfunction: 
involvement in axonal growth and neuronal disease. Curr. Opin. Cell BioL 6: 
3440. 
Li. H., and Y. Capetanaki. 1993. Regulation of the mouse desmin gene: transac- 
tivation by MyoD, myogenin MRF4 and Myf5. Nucleic Ac4ds Res. 21:335-343. 
Li, H., and Y. Capetanaki. 1994. An E  box in the desmin promoter cooperates 
with the E box and MEF2 sites of a distal enhancer to direct muscle-specific 
transcription. EMBO (Eur. MoL BioL Organ.) J. 13:3580-3589. 
Li,  H., S.K.  Choudhary, D.J.  Milner,  M.I.  Munir, I.R.  Kuisk, and Y.  Capet- 
anaki. 1994. Inhibition of desmin expression blocks myoblast fusion and in- 
terferes with the myogenic regulators myoD and myogenin,  J. Cell Biol. 124: 
827-841. 
Li, Z., E. Colucci-Guyon, M. Pincon-Raymond. M. Mericskay, S.  Pournin, D. 
Paulin, and C. Babinet. 1996. Cardiac lesions and skeletal myopathy in mice 
lacking desmin. Dev. BioL  175:362-366. 
Lin, Z.. M.-H. Lu, T. Schultheiss, J. Choi, S. Holtzer, C. DiLullo, D.A. Fisch- 
man, and H. Holtzer.  1994.  Sequential appearance of muscle-specific pro- 
teins in myoblasts as a function of time after cell division: evidence for a con- 
served  myoblast  differentiation  program  in  skeletal  muscle.  Cell  MotiL 
Cytoskeleton. 29:1-19, 
Lloyd, C., Q.-C. Yu, J. Cheng, K. Turksen, L. Degenstein, E. Hutton, and E. 
Fuchs. 1995, The basal keratin network of stratified squamous epithelia: de- 
fining K15 function in the absence of K14. Z  Cell BioL  129:1329-1344. 
Lockhardt, V.G., and S. Bloom. 1993. Trans-cellular desmin-lamin B interme- 
diate filament network in cardiac myocytes.  J. MoL Cell. Cardiol. 25:303-309. 
Lyons, G.E.. and M.E. Buckingham. 1992. Developmental regulation of myo- 
genesis in the mouse. Semin. Dev. BioL 3:2443-2453. 
Lyons, G.E., and M.E. Buckingham. 1993. Myogenic factor gene expression in 
mouse somites and limb buds. MoL Basis Morphogen.  155-164. 
Maniatis, T., E.F. Fritsch, and J. Sambrook. 1982. Molecular Cloning: A  Labo- 
ratory Manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
NY. pp. 382-389. 
Mayo,  M.L.,  P.  Bringas, Jr,,  V.  Santos,  L.  Shum~  and  H.C.  Slavkin.  1992. 
Desmin expression during early mouse tongue morphogenesis, h~t. Z  Dev. 
BioL 36:255-263. 
McLean, W.H.I., and E.B. Lane. 1995. Intermediate filaments in disease. Cnrr. 
Opin.  Cell BioL 7:118-125, 
Muguruma. M.,  K.  Kobayashi, T.  Fukazawa, and  K.  Ohashi.  1981.  A  new 
220,000 dalton protein located in the z lines of vertebrate skeletal muscle. J. 
Biochem. 89:1981-1984. 
Nelson, W.J., and E. Lazarides. 1984. Globin(ankyrin) in striated muscle: iden- 
tification of the potential membrane recepter for erythroid spectrin in mus- 
cle cells. Proc. NatL Acad. Sci.  USA. 81:3292-3296. 
Olson, E.N., and Y. Capetanaki. 1989. Developmental regulation of intermedi- 
ate filaments and actin mRNA during myogenesis is disrupted by oncogenic 
ras genes. Oncogene. 4:907-913. 
Olson, E.N., and W.H. Klein, 1994. bHLH factors in muscle development: dead 
lines and commitments, what to leave in and what to leave out. Genes Dev. 
8:1-8. 
Porter. R.M,, S.  Leitgeb. D.W. Melton, O. Swensson, R,A.J. Early, and T.M. 
Magin. 1996. Gene targeting of the mouse cytokeratin 10 locus: severe skin 
fragility and changes of cytokeratin expression in the epidermis. J.  Cell BioL 
132:925-936. 
Price, M.G., and E. Lazarides. 1983. Expression of the intermediate filament- 
associated proteins paranemin and synemin in chicken development. J.  Cell 
BioL 97:1860-1874, 
Price. M.G.  1992 Striated muscle endosarcomeric and exosarcomeric lattices. 
A dr. Stract. BioL  1  : 175-207. 
Reis, A., H.-C. Hennes, L, Langbein, M. Digweed, D. Mischke, M. Drechsler, 
E. Schrock, B. Royker-Pokora, W.W. Franke, K. Sperling, et al. 1994. Kera- 
tin 9 gene mutations in epidermolytic palmoplantar keratoderma (EPKK). 
Nature Genet. 6:174-179. 
Richardson, F.L., M.H. Stromer, T.W. Huiatt, and R.M. Robson. 1981. lmmu- 
noelectron and immunofluorescence localization of desmin in mature avian 
muscle. Eur ,L Cell BioL 26:91-101. 
Robertson, E.J., editor. 1987. Teratocarcinomas and Embryonic Stem Cells: a 
Practical Approach. IRL Press. Oxford. 113-181. 
Rothnagel, J.A.. A.M. Dominey, L.D Dempsey, M.A. Longley, D.A. Green- 
halgh, T.A. Gagne. M. Huber, E. Frenk, D. Hohl, and D.R. Roop. 1992. Mu- 
tations in the rod domins of keratins 1 and 10 in epidermolyfic hyperkerato- 
sis. Science (Wash. DC). 257:1128-1130. 
Rugg, E.L.. W.H.I. McLean, E.B, Lane, R. Pitera, J.R. McMillan, P.J.C. Dop- 
ping-Hepenstal, H.A. Navsaria, [.M. Leigh, and R.A.J. Eady. 1994. A  func- 
tional "knock-out'" for human keratin 14. Genes Dev. 8:2563-2573. 
Sassoon, D.A. 1993. Myogenic regulatory factors: dissecting their role and regu- 
lation during vertebrate embryogenesis. Dev. Biol. 156:11-23. 
Schaart, G., C. Viebahn, W. Langmann, and F. Raemakers. 1989. Desmin and 
titin  expression  in  early post-implantation mouse  embryos. Development. 
107:581-616. 
Schmid,  E.,  M.  Osborn, E.  Rungger-Brandle, G.  Gabbiani, K.  Weber,  and 
W.W.  Franke,  1982.  Distribution  of  vimentin  and  desmin  filaments  in 
smooth muscle tissue of mammalian and avian aorta. Exp.  Cell Res,  137: 
329-34O. 
Schultheiss, T., Z. Lin, H. lshikawa, I. Zamir, C.J. Stoeckert, and H. Holtzer. 
1991. Desmin/vimentin intermediate filaments are dispensible for many as- 
pects of myogenesis  J. Cell BioL  114:953-966 
Sejernsen, T., and U. Lendahl. 1993. Transient expression of the intermediate 
filament nestin during skeletal muscle development. Z  Cell.  Sci.  106:1291- 
1300. 
Shibuki, K., H. Gomi, L. Chen, S. Bao, J.J, Kim, H. Wakatsuki, T. Fujisaki, K. 
Fujimoto, A. Katoh, T. lkeda, et al. 1996. Deficient cerebellar long-term de- 
Milner et al. Multiple Muscle Defeets in Desmin Null Mice  1269 pression, impaired eyeblink conditioning and normal motor coordination in 
GFAP mutant mice. Neuron.  16:587-599. 
Small, J.V.,  D.O.  Furst, and L.-E. Thornell.  1992. The cytoskeletal lattice of 
muscle ceils. Eur..L Biochem. 208:559-572. 
Smith, T.H., A.M. Kachinsky, and J.B. Miller. 1994. Somite subdomains, muscle 
cell origins and the four muscle regulatory proteins. J. Cell BioL 127:95-105. 
Steinert, P.M., and D.R. Roop. 1988. Molecular and cellular biology of interme- 
diate filaments. Annu. Rev. Biochem. 57:593~625. 
Tao J.-X., and W. Ip.1991.  Site-specific antibodies block kinase A phosphoryla- 
tion of desmin in vitro and inhibit incorporation of myoblasts into myotubes. 
Cell Motil. Cytoskeleton.  19:109-120. 
Thomas, K.R., and M.R. Capecchi. 1987. Site-directed mutagenesis by gene tar- 
geting in mouse embryo-derived stem cells. Cell. 51:503-512. 
Thornelk L.E., L. Edstrom, A. Eriksson, K.G. Henriksson, and K.A. Angqvist. 
1980. The distribution of intermediate filament protein (skeletin) in normal 
and diseased skeletal muscle. An immunohistochemical and electron micro- 
scopic study. J. Neurol. Sci,  47:153-170. 
Thornelk L.E., A. Eriksson, and L. Erdstom. 1983.  Intermediate filaments in 
human myopathies. In  Cell and Muscle Motility. R.B.  Dowben, and J.W. 
Shay, editors. Plenum Publishing, New York. pp. 85-135. 
Thornell, L.E., A. Eriksson, B. Johansson, and U. Kjorell. 1985. Intermediate 
filaments and associated proteins in heart Purkinje fibers: a membrane-myo- 
fibril anchored cytoskeletal system. Ann. N.Y. Acad. Sci. 455:213-224. 
Tokuyasu, K.T., A.H. Dutton, and S.J.  Singer. 1983a. Immunoelectron micro- 
scopic studies of desmin (skeletin) localization and intermediate filament or- 
ganization in chicken skeletal muscle J. Cell Biol. 96:1727-1735. 
Tokuyasu, K.T.,  A.H. Dutton, and S.J.  Singer. 1983b.  lmmunoelectron micro- 
scopic studies of desmin (skeletin) localization and intermediate filament or- 
ganization in chicken cardiac muscle J. Cell Biol. 96:1736-1742. 
Tokuyasu, K.T,  P.A. Maher, and S.J.  Singer. 1984. Distributions of vimentin 
and desmin in developing chick myotubes in vivo. I. lmmunofluorescence 
study..L Cell Biol. 98:1961-1972. 
Torchard, D. 1994~ Epidermolytic palmoplantar keratoderma cosegregates with 
a  keratin 9  mutation in a  pedigree with breast  and  ovarian cancer.  Nat. 
Genet. 6:106-t 10. 
Traub, P., and R.L. Sboeman 1994. Intermediate filament proteins: cytoskeletal 
elements with gene-regulatory function. Int. Rev. Cytol. 154:1-101. 
Vassar, R., P.A. Coulombe, L. Degenstein, K. Albers, and E. Fuchs. 1991. Mu- 
tant keratin expression in transgenic mice causes marked abnormalities re- 
sembling a human genetic skin disease. Cell. 64:365-380. 
Vajsar, J., L.E. Becket, R.M. Freedom, and E.G. Murphy. 1993. Familial desmi- 
nopathy:  myopathy with  accumulation of  desmin-type  intermediate  fila- 
ments. Z Neurol. Neurosurg. Psychiatry. 56:644-648. 
Wang, N., J.P. Butler, and D.E. lngber. 1993 Mechanotransduction across the 
cell surface and through the cytoskeleton. Science  (Wash.  DC).  260:1124- 
1127. 
Weitzer, G., D.J. Milner, J.-U. Kim, A. Bradley, and Y. Capetanaki. 1995. Cy- 
toskeletal control of myogenesis: a  desmin null mutation blocks the myo- 
genic pathway during embryonic stem cell differentiation. Dev.  Biol.  172: 
422~139, 
Xu, Z., L. Cork, J. Griffin, and D.W. Cleveland. 1993. Increased expression of 
neurofilament NF-L produces morphological alterations that resemble the 
pathology of human motor neuron disease. Cell. 73:23-33. 
The Journal of Cell Biology, Volume 134,  1996  1270 